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Abstract 
This paper presents a method for using hydrogen storage to assist in integration of large scale photovoltaic (PV) 
generation system into the utility grid. An algorithm based on the simple exponential smoothing is used to suppress 
short term power fluctuations in PV generation. To facilitate economic dispatch by the system operator, the output of 
the exponential smoothing is held constant for a given dispatch interval. The more stable, step-wise constant power 
then acts as the power reference to be sent to the utility grid. The resulting power ripple (from the smoothing) and 
power error (from the step-wise forecast) is then absorbed by the hydrogen storage such that any PV power above the 
scheduled grid power curve is used to produce hydrogen using an electrolyzer and any power deficit is produced by a 
fuel cell. Simulation studies based on realistic irradiance data conducted in SIMULINK/SIMPOWER verifies the 
effectiveness of the developed method. 
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1. Introduction 
The IEA roadmap for PV [1] foresees that PV generation will achieve grid parity in many regions by 
2020 and will eventually provide 11% of the global electricity production by 2050. Meeting these goals 
is, however, not without challenges due to the high dependence of PV generation output on uncertain 
weather conditions which can fluctuate very fast. Fluctuations in PV output can have ramp rates as high 
as 10%/min of installed PV capacity [2] and the severity of the fluctuation increases with geographically 
concentrated PV farms. Connection of large amount of PV generation to the traditional utility grid, 
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therefore, can lead to grid issues such as frequency control and dispatchability. To alleviate this problem, 
different fluctuation suppression approaches have been proposed over the years. For example, in [3]  use 
of superconductive magnetic energy storage (SMES) to enhance large scale PV power generation is 
studied and coordinated PV/SMES operation scheme is proposed and demonstrated.  In [4] ramp rate 
control of a PV generator with electric double layer capacitor is dealt with. An expression for capacitor 
sizing for this purpose is subsequently derived. Different wind and PV stabilization demonstrations using 
Nas battery technology under the NEDO project in Japan are summarized in [5]. A method to estimate the 
capacity of battery energy storage needed to suppress PV generation fluctuation based on the solar 
radiation characteristic is addressed in [6].   
In this paper the hydrogen storage alternative for PV fluctuation smoothening to reduce the impact of 
high penetration of PV on power system operation control and to enhance economic dispatch of 
generation units is explored. Smart smoothing algorithms coupled with current fuel cell and electrolyzer 
(particularly PEM) technologies which have very good load following capabilities suitable to follow fast 
PV fluctuations proves their techno-economic potential in these applications. Particularly due to the 
decoupling of power and energy in hydrogen storage systems, the hydrogen option can be attractive 
compared to other technologies since it can create more control flexibility and longer dispatch intervals. 
In view of this, a PV fluctuation suppression mechanism based on exponential smoothing and a sub-
hourly step-wise constant power forecast method to allow economic dispatch is developed. A simulation 
study based on realistic irradiance data is performed using SIMULINK/SIMPOWER to verify the 
effectiveness of the developed method. Performance of the method with and without the step-wise 
constant power forecast is also performed using defined indices such as fluctuation suppression rate, 
capacity factor, loss of load probability, etc.    
2.  System Description 
The developed method is studied using the common DC-bus system architecture shown in Fig. 1. In 
this configuration the hydrogen storage unit (fuel cell and electrolyzer) is connected to the DC-bus using 
actively controlled DC/DC converters while the PV generation system is interfaced to the same bus using 
a buck DC/DC based maximum power point tracker (MPPT) to maximize the PV array output. A sealed 
lead acid battery with modest capacity forms the 48V (nominal) DC-bus which is meant to relieve the 
hydrogen storage system of very short power transients and also allow system start-up. A single phase 
voltage source inverter (VSI) & step-up transformer is used to couple the system to low/medium voltage 
grid point. A hydrogen storage tank acts as buffer to store hydrogen generated by the water electrolyzer 
which is eventually re-electrified by the fuel cell. Both the fuel cell and electrolyzer used are proton 
exchange membrane (PEM) technology because of their fast response. The PV array is composed of the 
SCM 210 modules from REC solar. All main system parameters are given in Table 1. It should be noted 
that the system architecture used here is only to demonstrate the developed method and a real system 
could have a different architecture.  
3. PV Fluctuation Suppression and Step-wise Constant Forecast Method 
Fig.2 shows a smoothing mechanism to suppress fluctua- tions in the power output of the PV generator 
using hydrogen storage. As the smoothing tool, the exponential smoothing (ES) [7] is used because of its 
robustness. Compared to the simple moving average (which is also popular), ES introduces less lag as it 
gives more weight to more recent data points. 
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Fig. 1.  Schematic diagram of studied system 
Table 1. System parameters 
Fuel Cell stack 
Voltage (V) 12-20 
Rated power (kW) 1.2 
Current (A) 0-100 
Electrolyzer stack 
Voltage (V) 20-43 
Rated power (kW) 1.8 
Current (A) 0-42 
PV array (data at standard conditions) 
Maximum power point voltage (V) 84.9 
Maximum power point current (A) 46.2 
Open circuit  voltage (V) 110 
Short circuit current (A) 49.8 
Maximum power point power (kWp) 3.96 
Battery bank 
Nominal capacity (Ah) 8.0 
No. of cells 23 
 
 
 
Fig. 2. Schematic of fluctuation suppression mechanism 
 
 
Given a discrete data series Xi, the value of the smoothed series at period t is given by 
)1(ˆ)1()()(ˆ −−+= tYtxtY αα         (1) 
+−−+−−+= )2()1()1()1()({)(ˆ 2 txtxtxtY ααα ...})3()1( 3 +−− txα                    (2) 
where ˆ( 1)Y t −  is the smoothed output one data point in the past and α is the smoothing parameter.   
To smooth out the fluctuations in the PV power PPV, a similar expression (3) can be written using 
previous power measurements as the discrete data series. 
)1()1()()(ˆ −−+= tPtPtP PVPVPV αα                    (3) 
Instead of the fluctuating power PPV, it is desired that the more stable power ˆPVP  is used as the site 
output power to be fed to the grid. The differential power (4) is then compensated by the fuel cell or 
electrolyzer depending on whether the difference is negative or positive respectively as shown in (5). 
PVPV PPP ˆ−=Δ                                       (4) 
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Implicitly, ˆPVP can be considered as one sample point ahead forecast of the PV power. One sample time 
in this case is the measurement step and is very short. To allow an economic dispatch of the site output, 
sufficiently longer prediction times are desired.  
Here a sub-hourly forecast interval in the order of 10 minutes is used. This is done by holding the 
smoothed power constant over the next TP minutes using sample and hold (S/H). The new site output is 
therefore the step wise constant output given in (6) where ZOH is the zero-order hold operator which 
holds the smoothed sampled PV power series for the next TP minutes. This new value acts as the site 
output reference power to control the VSI. 
{ }PVrefGrid PZOHP ˆ, =                                      (6) 
With the step-wise constant approach, the hydrogen storage system not only needs to compensate the 
fluctuating part of the PV power from the smoothing but also the error introduced by the step-wise 
constant forecast. As a consequence the modified differential power becomes 
refGridPV PPP ,
*
−=Δ                              (7) 
3.1. Fuel cell and electrolyzer sizing considerations 
The power rating of the fuel cell and electrolyzer depends on the PV capacity installed and the 
magnitude of PV fluctuation that is desired to be suppressed. The latter is usually area dependent and 
requires a careful study of the irradiance characteristic of the location to be made.  
 
Fig. 3. Reference generation algorithm. 
 
To accommodate PV fluctuations (ΔP*) exceeding the installed fuel cell and electrolyzer capacities, 
the site output is further modified by introducing the error terms ΔPFC and ΔPEL as in (8) where PFC,R and 
PEL,R are power ratings of the fuel cell and electrolyzer respectively. 
ELFCrefGridrefGrid PPPP Δ+Δ+= ,
*
,                        (8) 
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where   RELELELFCRFCFC PPPPPP ,, & −=Δ−=Δ  
Fig. 3 gives the schematic representation of the overall smoothing mechanism and reference set point 
generation for the fuel cell, electrolyzer and VSI subsystem control. 
3.2. Performance indices 
A number of indices are defined to measure the performance of the developed suppression mechanism.  
Capacity factor (CF): This is an indicator of the average percentage of fuel cell or electrolyzer 
capacity used over the period of interest. It is defined as  
RxS
N
i
Sxi
x PTN
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,
1
××
×
=
∑
=                                     (9) 
where x= FC or EL, TS  is the sampling interval and N= no. of sampling points over the period of interest. 
Loss of load probability (LOLP): This shows the probability that the installed fuel cell or electrolyzer 
capacity is not enough. Here it is defined as the duration of time the fuel cell or electrolyzer is insufficient 
over the period of interest. 
Fluctuation suppression rate (FSR): This is an indicator of the extent of fluctuation suppression 
relative to a suitable reference (PV power in this case) 
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4. Results and Discussion 
To demonstrate the developed smoothing mechanism a simulation study is conducted in 
SIMULINK/SIMPOWER based on realistic irradiance data obtained from Oslo. The irradiance is average 
of 20 year data measured at 1 minute resolution. Three typical summer days in May, July and September 
are evaluated. The smoothing parameter α is selected to be 0.1 to give the desired level of smoothing. 
Smaller values of the smoothing parameter have higher smoothing effect but bigger lagging effect. The 
prediction interval TP used is 10 minutes. All system parameters used in this study are as given in Table 
1. At the beginning of each day the buffer tank has 1500 moles of hydrogen. The fuel cell and electrolyzer 
operation is limited to a maximum power of 0.5kW and 0.75kW. This is to comply with the magnitude of 
PV fluctuations encountered in the considered days. Any PV power fluctuation exceeding those values 
will be considered loss of load as full smoothing will not be possible under those conditions.  
Two cases are compared: operation with only smoothing enabled (Case 1) and operation with both 
smoothing and step-wise forecast enabled (Case 2) as shown in Table 2. In Fig. 4 the available PV power 
on typical day July is shown and Fig. 5 (a), (b), (c) and Fig. 6 (a), (b), (c) show power plots for case 1 and 
case 2 respectively for the same day. 
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Fig. 4. Available PV power, typical day July  
Table 2. Evaluated cases 
Case ES Forecast 
1 Enabled Disabled 
2 Enabled Enabled 
    
(a)                                                                                              (b) 
 
(c) 
 
Fig. 5. Power plots, case 1 (a) Grid power (b) Fuel cell power (c) Electrolyzer power 
  
(a)                                                                                                    (b) 
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(c) 
Fig. 6. Power plots, case 2 (a) Grid power (b) Fuel cell power (c) Electrolyzer power 
Table 3. Summary of results for three typical days 
Performance Index 
September May July 
ES with forecast ES only ES with forecast ES only ES with orecast ES only 
CF(FC) [%] 14.5 10.5 13.2 9.0 33.5 26.6 
CF(EL) [%] 9.7 7.0 9.0 6.0 27.9 19.5 
LOLP(FC) [min] 10.56 3.0 0 0 92 45 
LOLP(EL) [min] 1.28 0 0 0 14 4.0 
FSR [%] 23.4 17.0 5.4 3.6 16.3 12.2 
Moles in tank [mol.] 1488 1492 1490 1494 1477 1480 
 
The indices defined earlier are also compared for both cases and a summary of the results are given in 
Table 3. 
From the plots it can be seen that both cases are able to suppress the PV power fluctuations enabling 
more stable (smooth) power to be scheduled to the grid. 
However, Case 2 has generally higher suppression rates than Case 1 as shown in Table 3. This is 
expected since Case 2 will perceive higher amplitude of the fluctuations due to larger difference between 
the PV power and scheduled power introduced by the forecast. 
 It is also observed that the fuel cell and electrolyzer reach their maximum power limits (0.5 and 
0.75kW) more frequently in Case 2 than Case 1. This is also reflected in Table 3 where lower capacity 
factors are obtained for case 1 than case 2. Lower capacity factor is desired as it is indicative of how 
much capacity will be required for each case. However, though Case 2 will require more capacity than 
case1, case2 gives more flexibility from the point of view of the power system operator as it allows a 
more economic dispatch solution to be reached. This is due to the 10 minute ahead certainty in the site 
output power provided to the scheduler which Case 1 can’t. For similar reasons, the loss of load 
probability (LOLP) for Case 2 is generally larger than for Case 1 and therefore the duration of time Case 
2 will not be able to fully suppress PV fluctuations is generally longer than Case 1 as signified by the 
numerical results in Table 3. The same goes for the number of moles of hydrogen in the storage tank at 
the end of each day. The above results show that a trade-off exists between dispatchability and smoothing 
performance. 
Finally, it can be noted from Table 3 that typical day in May is the least demanding on the suppression 
mechanism (note lower values of the indices). This is because of lower fluctuations in the PV generation 
on that day.  
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5. Conclusion 
In this paper hydrogen storage as a solution for suppression of PV fluctuations is explored. A 
smoothing algorithm enhanced by a step-wise constant forecast capability is developed to enable more 
smooth and sub-hourly dispatchable power to be fed to the grid. The algorithm doesn’t require weather 
dependent forecasting as it solely uses PV power data series measured in the past. A simulation study 
performed in SIMULINK/SIMPOWER shows that the developed smoothing mechanism works as 
expected. The algorithm   is   evaluated   in terms of   defined   performance indices. Based on 
comparisons made between two cases, the effect of enabling the step-wise forecasting approach and the 
trade-off involved between dispatchability and smoothing performance is demonstrated. Finally, it is 
important to point out that performance of the developed smoothing mechanism can be further improved 
by using more advanced smoothing algorithms possibly involving trend prediction, etc. 
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